The genus Rhodococcus exhibits a broad catabolic diversity that is often related to unusual genome diversity. A modified HiCEP method was applied for the identification of strain-specific genes by comparing two different strains. Rhodococcus erythropolis JCM3201 and NI86/21 were compared and 11 genes were identified as NI86/21-specific genes.
INTRODUCTION
The genus Rhodococcus exhibits a broad range of catabolic diversity [1, 2] . The genome diversity of this genus is exemplified by the existence of unusually diverse catabolic pathways as revealed by the genome sequencing of Rhodococcus sp. RHA1 [3] . This strain was also shown to have a potential to produce various secondary metabolites, such as non-ribosomal peptides and polyketides, that are encoded by an unexpectedly high number of corresponding genes [3] . Such genomic diversity has been demonstrated to be derived from the diversity of both chromosome and plasmids, the latter of which are often unusually large [4] . Although in Rhodococcus whole genome information is available only for the RHA1 strain, genome diversity among different species or strains has been revealed by the presence of large plasmids that encode various catabolic pathway genes. For example, Rhodococcus sp. RHA1 harbors 3 large plasmids [3] , R. erythropolis BD2 harbors a 210-kbp linear plasmid [5] , and R. erythropolis PR4 harbors 2 large plasmids in addition to smaller plasmid [6] . Genes encoded on such plasmids are often related to species-or strain-specific functions [1] .
Strain-specific genes have been investigated particularly in pathogenic bacteria by utilizing genome information [7] . Comparative genomics have been used for the identification of species-and/or strain-specific genes both by performing whole genome sequencing (e.g., [8] ) and by using microarrays (e.g., [9] ). Since pathogenicity is often strain specific, and the identification of pathogenic strains is very important in the clinical field, the characterization of microorganisms at a strain level is essential. Further, the identification of pathogenic strain-specific genes will provide insights into the mechanisms of infection. Genome diversity at the strain level is also a characteristic feature of those microorganisms *Address correspondence to this author at the Research Institute of Genome-based Biofactory, National Institute of Advanced Industrial Science and Technology (AIST), Tsukisamu-Higashi, Toyohira-ku, Sapporo 062-8517, Japan Tel: +81-11-857-8938; Fax: +81-11-857-8980; E-mail: t-tamura@aist.go.jp that live in habitats contaminated by toxic compounds such as polychlorinated biphenyls (PCBs). In addition to Rhodococcus sp. RHA1, genome sequencing in Burkhorderia xenovorans LB400, which is an effective PCB degrader, has also revealed catabolic versatility, including diverse peripheral aromatic pathways [10] . The genome diversity among 3 distinct strains of this organism was demonstrated using genomic microarrays [10] .
We conjectured that proteins encoded by strain-specific genes would have important functions, such as catabolic activity of industrial importance or the production of unidentified secondary metabolites. Moreover, a phylogenetic investigation of strain-specific genes will be of assistance in understanding the evolution of Rhodococcus genome diversity. In order to obtain strain-specific genes, methods that require genome information can be utilized. These methods are high throughput, which facilitates the handling of many strains. However, genes that are not harbored by the representative strains cannot be detected using these methods. On the other hand, methods that do not require prior knowledge of genome sequences can be used for the identification of such genes. In this report, we therefore took the advantage of the latter approach and aimed to obtain strain-specific genes without performing costly genome sequencing. For this purpose, we applied the modified high coverage expression profiling (HiCEP) method [11] to analyze the difference between R. erythropolis strains JCM3201 and NI86/21. By analyzing 23 bands obtained by this method, we could confirm that 11 genes were specific to the NI86/21 strain.
MATERIALS AND METHODOLOGY

Bacterial Strains and Culture Conditions
R. erythropolis strains JCM 3201, NI86/21, and PR4 were obtained from the Japan Collection of Microorganisms, the National Collection of Agricultural and Industrial Microorganisms (Hungary), and the National Institute of Technology and Evaluation (Japan), respectively. The strains were cultured at 30°C in Luria-Bertani (LB) broth (1% Bacto tryptone, 0.5% yeast extract, 1% NaCl). If necessary, cell growth was monitored by measuring the optical density at 600 nm (OD 600 ). In the case of plate culture, the medium was solidified by adding 1.5% agar.
Sequencing Analysis
Partial sequences of the 16S rRNA gene, and the gyrB, kasA/B, and ltsA genes were amplified by using the following respective primer pairs; 5 -GACGAACGCTGGCGGCG TGCT-3 and 5 -TTCGTCCCAATCGCCGATCCC-3 , 5 -TCCGACTCCTACGCCGTCTCC-3 and 5 -AGCACGATC TTGTGATAGCGC-3 , 5 -CCTGAAGGTTTCACCAGAC G-3 and 5 -CCAGAACCGTGAGGACTGAT-3 , and 5 -TCGAGCACTACACCGTTCTG-3 and 5 -GCAGTGCGTA CTTGGTTGTG-3 . The DNA fragments obtained were directly sequenced from each terminal by using the same primers used for the amplification.
Modified HiCEP Method
A modified HiCEP method was performed as previously described [11] . For the modified HiCEP analysis, each strain was grown to a late log phase (OD 600 ~ 0.8) and was then harvested for RNA isolation. Each band of interest obtained using poly-acrylamide gel electrophoresis was amplified and ligated into pBluescript vector as previously described [11] . After transformation of Escherichia coli DH5 cells, 8 colonies were inoculated and subjected to sequencing analysis. A homology search of sequence data was subsequently performed using BLAST at the National Center for Biotechnology Information.
Polymerase Chain Reaction
Polymerase chain reaction (PCR) analysis for the validation of isolated fragments was performed as follows. A 25-μl reaction volume containing 0.1 μg cDNA, which was prepared for the modified HiCEP analysis, was amplified using KOD plus polymerase (Toyobo). The PCR cycle conditions were 94°C for 2 min following 25 cycles of 94°C for 15 s, 58°C for 30 s, and 68°C for 30 s or 1 min (depending on the length of target size), then 68°C for 2 min. Specific primers for each fragment were designed using Primer3 (http://frodo. wi.mit.edu/cgi-bin/primer3/primer3_www.cgi).
Reverse Transcriptase PCR
Reverse transcriptase PCR (RT-PCR) was performed using a Thermoscript RT-PCR kit (Invitrogen) according to the manufacturer's manual. One microgram of RNA was subjected to reverse transcription in a volume of 20 μl at 55°C. An aliquot of the reaction product was used as a template for the following PCR. The PCR was performed as described in the previous section.
RESULTS AND DISCUSSION
Nucleotide Sequence Diversity Among R. erythropolis Strains
The modified HiCEP method uses 2 different restriction enzymes to create gene fragments that represent the population of each transcript. In order to identify strain-specific genes using this method, nucleotide substitutions should be taken into consideration. If there is a substitution in the restriction enzyme site or adjacent two bases used for the analysis, a single gene will produce different bands among different strains. These bands can thereby be detected as strain-specific bands. In order to investigate the nucleotide substitution among strains from the same species, we sequenced short regions of 4 genes. The 16S rRNA sequence is known to be conserved within the same species and is also used to classify organisms at a species level [12] . We investigated the 16S rRNA sequences from the strains JCM3201, NI86/21, and PR4 of R. erythropolis and found that the sequences were identical in the region analyzed. gyrB is also a conserved housekeeping gene. This gene is, however, more diverse than 16S rRNA and can be used for classification at a strain-level resolution [13] . We compared the sequence of this gene among the aforementioned strains. By sequencing approximately 1 kbp regions in the gene, 6 nucleotide substitutions were found between JCM3201 and NI86/21, and 6 nucleotide substitutions were found between JCM3201 and PR4. We also analyzed the sequences of the nonessential genes ltsA and kasA/B. By sequencing approximately 1 kbp regions in the genes, 7 and 1 nucleotide substitutions were found in ltsA and kasA/B, respectively between JCM3201 and NI86/21. In the comparison between JCM3201 and PR4, 11 and 5 substitutions were found in ltsA and kasA/B, respectively. We also sequenced other strains and found that the substitution number between JCM3201 and NI86/21 was lower than that in any other pair of strains analyzed. Therefore, we used these 2 strains for the comparative analysis. In this sequencing analysis, the 25 substitutions for an approximate 1 kbp region of a certain ORF were the highest counted (data not shown).
Identification of Genes Specific to R. erythropolis NI86/21
In order to determine if the modified HiCEP method can be applied to a comparative genomic study of different strains from the same species, R. erythropolis NI86/21 was analyzed using R. erythropolis JCM3201 as a reference strain. R. erythropolis NI86/21 is a herbicide-degrading strain with biosafener activity [14] . R. erythropolis JCM3201 is one of the type strains of R. erythropolis. In the modified HiCEP method, 2 different restriction enzymes are used to obtain DNA fragments that theoretically reflect the original mRNA population [11] . Initially, we used PstI and PvuI for the digestion. Selective PCR was then performed using 16 combinations of primers corresponding to all variations of 3 terminal nucleotides. Here, we present only a representative result of the electrophoresis using 8 combinations (Fig. 1) . The band patterns of these strains appeared similar. In the case of other primer combinations, the band patterns between the strains were also similar (data not shown). By comparing the band patterns, we found over 100 bands that were detectable in either strain. However, some of these were difficult to cut out from the gel due to the following reasons: the target band located amongst bands of similar size and/or the target band size was too small to be separated well on the gel used. In this study, we selected 18 bands that were found only in the NI86/21 sample in order to simplify the subsequent handling and analysis. Each band was analyzed by sequencing after the cloning of the bands; 8 clones were subjected to sequencing analysis in order to identify the major fragment. This identification is important because bands that are obtained using the modified HiCEP method usually contain a mixture of different DNA fragments, as previously reported [11] . The results of the sequencing analysis of each band are summarized in Table 1 . In order to obtain further bands that are specific to NI86/21, we also used a PstI and XhoI combination for the digestion. In this case, 5 bands that were detected only in the NI86/21 sample were analyzed. The results of the sequencing analysis are summarized in Table 1 . In order to examine if these gene fragments exist in the genome of strain NI86/21 but not in JCM3201, we performed PCR analysis using total DNA extracted from each strain as a template. As a result of the PCR analysis, 11 fragments were amplified only when using total DNA from the NI86/21 strain ( Table 1) . Fig. (1) . Band patterns obtained by the modified HiCEP analysis of R. erythropolis strains JCM3201 and NI86/21. Bands were separated by using a 6% poly acrylamide gel. Eight combinations of primers are indicated below the gel image (from GA to AC). For each primer combination, the NI86/21 sample and the JCM3201 sample were loaded on the left side and right side, respectively. In this gel image, 5 bands (#1, #2, #4, #10, and #15) that were excised are indicated by arrowheads.
Six out of 11 fragments analyzed showed similarity to putative non-ribosomal peptide synthetase. These genes might encode strain-specific secondary metabolite because many actinomycetes produce strain-specific non-ribosomal pepties as secondary metabolites [15] . Most of other genes except for a gene included in band 2 showed similality to hypothetical proteins. Band 24 showed similarity to a hypothetical protein encoded in one of the large plasmid of R. erythropolis PR4, suggensting a possibility that NI86/21 strain have a plasmid partially similar to that of PR4 strain. In the sase of band Xh5, most region of the gene fragment showed similarity to hypothetical protein RHA1_ro08522. However, its 3 end showed similarity to glutamine transport ATP-binding protein GlnQ, which is located next to a gene encoding hypothetical protein RHA1_ro05666. This means that these two genes are separately located in the chromosome of RHA1 strain while they are next to each other in NI86/21 strain, suggesting this region is not conserved between NI86/21 and RHA1 strains. Although the seaquence of this region in JCM3201 strain is not available, it might be different between JCM3201 and NI86/21 strains.
Based on an analysis of 23 bands, we identified 11 gene fragments that were specific to the NI86/21 strain. Nevertheless, the number of NI86/21-specific genes is not limited to this result. The modified HiCEP analysis monitors expressed genes but not the genome itself. Therefore, we were unable to detect the genes that were not expressing under the culture condition used in this analysis. Furthermore, in this study we observed over 100 bands that were specific to either strain; however, due to technical reasons, we analyzed only 23 bands.
The HiCEP method is a technique used to monitor gene expression based on the quantity of mRNA. Therefore, if a gene from either strain is expressing at a very low level, the modified HiCEP method may detect such a gene as a strainspecific band. In order to examine the expression level of each fragment, we performed RT-PCR analysis. However, when the RT-PCR products were analyzed by ethidium bromide staining, there appeared no expression differences between the strains (data not shown). These results suggest that nucleotide substitution is a more critical factor than the difference in gene expression levels.
We used PCR amplification for the confirmation of the modified HiCEP analysis because using PCR it is relatively easy to analyze many fragments. However, in some cases the results were not clear. There were several fragments obtained from a single band that could not be amplified by PCR using either strain (e.g., band 2 and 8). In order to confirm the existence of the undetected genes, it will be necessary to perform other experiments using different sets of primers or to perform Southern hybridization. In the modified HiCEP method, a single band usually contains several gene fragments. In many cases, a fragment of highest numbers counted was assumed to represent the target band. However, it should be noted that in band 2 and 19 the fragments confirmed to be strain specific were not fragments of highest numbers counted. In the case of band 5, a fragment was identified as JCM3201-specific by the PCR analysis. In these cases, further analysis, such as Southern hybridization, may be needed.
Comparison between PR4 and JCM3201
We next compared the band patterns from strains PR4 and JCM3201. We used the PstI and PvuI combination and analyzed the band pattern. However, the band patterns from these 2 strains were apparently different when compared with the pattern difference observed between strains NI86/21 and JCM3201 (data not shown); this disparity was expected based on the results of nucleotide substitution analysis. Despite the pattern difference, we identified 2 bands that were specific to PR4 by analyzing 19 bands that were detected only in the PR4 lanes (data not shown). Both of these bands were derived from a large plasmid, pREL1.
The apparent difference in band patterns between strains JCM3201 and PR4 may be due to the existence of different large plasmids in these strains. We obtained gene fragments derived from pREL1, suggesting that these genes exist only in the PR4 strain. On the other hand, we detected a large linear plasmid (approximately 390 kbp) in the JCM3201 strain using pulse-field gel electrophoresis (unpublished data).
Computational Analysis of Restriction Enzymes Combination
It was very difficult to select an appropriate combination of restriction enzymes for the modified HiCEP analysis. In order to make a rational selection of restriction enzymes, we decided to perform a computational analysis. For this purpose, we used R. erythropolis PR4 because the sequences of the large plasmids harbored by this strain have recently been determined [6] . This strain has 2 large plasmids; one of these is a 272-kbp linear plasmid named pREL1 and the other is a 104-kbp circular plasmid named pREC1. Therefore, we considered that this strain could be used for a prediction of the gene fragments that potentially generated using the modified HiCEP method. For an exact prediction, we needed transcript annotations including untranslated regions, as well as those of open reading frames (ORFs). However, the sequence information only provides ORF annotation. Therefore, we assumed an ORF as a transcript for the fragment prediction. In this study, the apparent overlap of ORFs was assumed to be an operon and was analyzed as a single transcript, while ORFs with only a few nucleotide intervals were assumed to be independent transcripts. On the basis of these assumptions, we predicted that analysis of all 400 ORFs on the 2 large plasmids would yield a total of 318 transcripts.
In order to achieve extensive genome sequence coverage, it is preferable to use a combination of restriction enzymes that produces a large number of bands. However, the band sizes will be shorter when using such a combination and this may give rise to practical problems, particularly if the band size is less than 200 bp. Shorter bands usually include large numbers of DNA fragments due to the limitation of gel resolution; this give rise to problems in the identification of positive fragments. In the comparison between strains JCM3201 and NI86/21, we selected the PstI and PvuI combination based on observations from several preliminary experiments. From a computational analysis of PR4 plasmids, 23 fragments of over 200 bp were predicted for this combination. We performed a computational analysis to find other combinations that produced more bands of over 200 bp than produced by the PstI and PvuI combination. By analyzing over 1400 combinations, we found several combinations that produce more bands. For example, the SalI and EagI combination was predicted to produce 36 bands of over 200 bp. These combinations warrant further investigation.
By using computational analysis, it was demonstrated that PstI and PvuI combination covered only 7% of the genes encoded on large plasmids when the band size was limited to that greater than 200 bp. On the other hand, using the SalI and EagI combination, the coverage was estimated to increase to 11%. There is a possibility that greater coverage may be achieved by performing analysis using a few appropriate combinations of restriction enzymes; for example, the coverage was estimated to increase to 25% when using 3 combinations of restriction enzymes.
In this study, we applied a modified HiCEP method for the identification of strain-specific genes. In the case of strains that exhibit low number of nucleotide substitutions between them, the method is very useful for the purpose. To date, strain-specific genes have been investigated particularly in pathogens due to a clinical importance. In non-pathogenic bacteria, however, strain-specific genes may be good candidates for the production of useful proteins of industrial and/or environmental importance. As demonstrated here, the modified HiCEP method can be used to identify strainspecific genes, particularly those from strains for which genome information is currently not available.
